AbsTrACT
Objective 'Environmental' factors associated with colorectal cancer (CRC) risk include modifiable and non-modifiable variables. Whether those with different non-modifiable baseline risks will benefit similarly from reducing their modifiable CRC risks remains unclear. Design Using 7945 cases and 8893 controls from 11 population-based studies, we combined 17 risk factors to characterise the overall environmental predisposition to CRC (environmental risk score (E-score)). We estimated the absolute risks (ARs) of CRC of 10 and 30 years across E-score using incidence-rate data from the Surveillance, Epidemiology, and End Results programme. We then combined the modifiable risk factors and estimated ARs across the modifiable risk score, stratified by nonmodifiable risk profile based on genetic predisposition, family history and height. results Higher E-score was associated with increased CRC risk (OR quartile , 1.33; 95% CI 1.30 to 1.37). Across E-scores, 30-year ARs of CRC increased from 2.5% in the lowest quartile (Q1) to 5.9% in the highest (Q4) quartile for men, and from 2.1% to 4.5% for women. The modifiable risk score had a stronger association in those with high non-modifiable risk (relative excess risk due to interaction=1.2, 95% CI 0.5 to 1.9). For those in Q4 of non-modifiable risk, a decrease in modifiable risk reduced 30-year ARs from 8.9% to 3.4% for men and from 6.0% to 3.2% for women, a level lower or comparable to the average population risk. Conclusions Changes in modifiable risk factors may result in a substantial decline in CRC risk in both sexes. Those with high inherited risk may reap greater benefit from lifestyle modifications. Our results suggested comprehensive evaluation of environmental factors may facilitate CRC risk stratification.
IntroductIon
Colorectal cancer (CRC) is one of the most common and fatal cancers in the world. 1 In the USA, there were an estimated 140 250 new cases and 50 630 deaths in 2018. 2 Epidemiological studies have successfully significance of this study
What is already known on this subject?
► Epidemiological studies have successfully identified many anthropometric, dietary, lifestyle, and pharmacological factors associated with colorectal cancer (CRC) risk. ► The American Cancer Society has provided a guideline on nutrition and physical activity for overall cancer prevention.
What are the new findings?
► By comprehensively evaluating the overall environmental predisposition from known risk factors, we found that a higher environmental risk score was associated with higher CRC risk. ► The 30-year absolute risk of CRC among participants with the highest non-modifiable baseline risk can be dropped to a level comparable to or below population average risks by changing modifiable risk scores from the highest to the lowest quartile.
How might it impact on clinical practice in the foreseeable future?
► Comprehensive evaluation of environmental factors can facilitate targeted risk management and screening strategies for CRC prevention. ► Individuals with higher baseline CRC risk due to genetic predisposition or family history can reduce the long-term CRC risk by modifying various environmental and lifestyle factors. ► Individuals with higher CRC risk may have options to change other lifestyle factors to achieve the same risk management effect if modifying a particular risk factor, such as aspirin use, is not clinically advisable or feasible.
Open access 4 smoking, [5] [6] [7] alcohol intake, 8 9 red and processed meat intake, 10 11 and diabetes. 12 In contrast, factors associated with reduced risk include physical activity, 13 14 use of aspirin or other non-steroidal antiinflammatory drugs (NSAIDs), 15 use of postmenopausal hormone (PMH) in women, 16 and intakes of fruits, vegetables, calcium, folate, and fibre. 17 18 These data have informed current guidance for primary CRC prevention. The American Cancer Society (ACS), for instance, provided a guideline on nutrition and physical activity for overall cancer prevention. 19 The US Preventive Services Task Force also recently recommended aspirin as a chemopreventive agent for those at moderate cardiovascular disease risk. 20 Previous studies have focused on a single or a restricted group of risk factors. A case-control study found that having more healthy lifestyle factors was associated with increasingly lower risks of CRC, regardless of genetic risk. 21 A higher at-risk lifestyle score from four factors was found to be associated with higher risk of colon and rectal cancer in two population-based case-control studies. 22 However, other CRC risk factors have not been evaluated in a comprehensive summary score. Moreover, an individual's CRC risk also depends on factors that are unlikely to be modified, such as age, sex, height, CRC family history, and common genetic predisposition. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] It is unknown whether changing modifiable risk factors has similar benefits among those with high versus low non-modifiable CRC risk profiles. In a breast cancer consortium of prospective studies, Maas et al demonstrated that improvement in estimating absolute risk of breast cancer can identify subsets of the population at an elevated risk who would benefit most from risk-reduction strategies such as altering modifiable factors, suggesting the utility of comprehensive risk modelling. 34 Here, we assessed whether comprehensively aggregating information across environmental factors can improve CRC risk stratification in the general population. We first developed a framework to build an overall environmental risk score (E-score) based on risk factors identified in published studies. We evaluated the relative risk and long-term absolute risks of CRC by E-score. Finally, we estimated absolute risks across modifiable risk factors stratified by non-modifiable baseline risks.
Methods study population
We included 16 838 participants (7945 cases and 8893 controls) from seven nested case-control studies in prospective US cohorts and four case-control studies from the USA and Europe, from the Genetics and Epidemiology of Colorectal Cancer Consortium. Details have been published 25 35 and are summarised in table 1. Cases were identified as those with incident, invasive CRC (n=7155) or advanced adenoma (n=790), confirmed by medical record, pathology report or death certificate. Population-based controls were selected based on study-specific eligibility and matching criteria (mostly age and sex). For the small subset of advanced adenoma cases, matched controls also had a polyp-free sigmoidoscopy or colonoscopy at the time of adenoma selection. 36 Only participants with European ancestry were included, and race/ethnicity was confirmed using principal component analysis.
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Patient and public involvement
Patients were not involved in the conduct of this study.
Assessment of environmental and genetic variables
Demographics and environmental exposures were selfreported either at in-person interviews or via structured self-administered questionnaires, given each study's protocols. We applied a multistep, iterative data harmonisation procedure (online supplementary eMethod 1). In brief, variables were combined into a single dataset with common definition, standardised coding and permissible values. Quality-control checks were performed for variable ranges and coding logics. Outlying values were truncated to an established range for each variable.
Demographic and medical information included age, sex, height, education, first-degree CRC family history and history of endoscopy (colonoscopy/sigmoidoscopy). Age was defined as age at diagnosis for cases and age at selection for controls. Height was either measured or self-reported at baseline. Lifestyle variables included body mass index (BMI), smoking, physical activity, regular use of aspirin and non-aspirin NSAIDs, PMH use in women, diabetes, and dietary intakes. BMI was calculated based on weight and height at baseline (kg/ m 2 ). Smoking was defined using two variables: (1) ever/ never smokers and (2) pack-years of smoking among ever smokers. Sex-study-specific quartiles of pack-years were derived. Physical activity was defined as binary (yes if vigorous/moderate physical activity of <1 hour/week). Study-specific definitions of regular use of aspirin and non-aspirin that captured both duration and frequency were used. 38 PMH use in women was defined as current use at study baseline. History of diabetes was defined as diagnosis of diabetes at baseline. Dietary covariates were ascertained using food frequency questionnaires or diet histories, including intakes of alcohol, fruits, vegetables, dietary fibre, red meat, processed meat, total (dietary plus supplemental) calcium, total folate, and total energy. Sex study-specific quartiles were created for all dietary variables except alcohol. Alcohol was categorised by gram of alcohol intake per day: non-drinkers, 1-28 and >28 g/day.
DNA for genotyping was mostly obtained from blood samples, with some from buccal swabs. Details on genotyping, imputation, and quality controls have been described previously. 39 40 Building risk scores Overall E-score To capture the overall environmental risk profile for each participant, we calculated the E-score based on 17 environmental factors: BMI (kg/m 2 ), height (cm), smoking (ever/never, pack-years), alcohol consumption (0, 1-28 or >28 g/day), physical activity (yes/no), aspirin use (yes/no), other NSAID use (yes/no), PMH use (yes/no) in women, sex study-specific quartiles of dietary factors (red meat, processed meat, fruits, vegetables, fibre, total calcium and total folate), and diabetes (yes/no). We selected these factors based on known and plausible CRC risk factors previously reported in the literature.
We excluded participants with missing data on 5 or more of the 17 environmental risk factors (n=1312).
We then replaced missing values (missing proportion, 0%-16%) with the sex study-specific mean for all factors. We also performed multiple imputation in a sensitivity analysis. As we aimed to create a score that summarised an individual's overall environmental risk profile, the reference category for each factor was that associated with the lowest CRC risk in published studies (eg, NSAID use is coded as 0 vs NSAID non-user is coded as 1), so that the estimated weights for each risk factor represented an increase in CRC risk. To give variable weights optimal control for confounding by the intentions of endoscopy, weights were calculated in the subset of studies in which endoscopy was used for screening rather than diagnosis. Separately in men and women using this subset, we created a weighted risk score by (1) estimating the sexspecific coefficients using multivariable logistic regression that included all risk factors in one model, adjusting for age, study, screening, education, and total energy consumption (online supplementary eFigure 1); and (2) for each subject, multiplying his/her value by the corresponding regression coefficient for each variable, then summing across all variables.
Because all environmental variables were included simultaneously in the same logistic regression model, the resulting estimated weights for each variable accounted for the influence of other variables included in the E-score, as well as additional potential confounders (eg, age, study, screening, education, and total energy consumption). Weights estimated in our dataset for each variable were consistent with previously reported associations between known and potential risk factors and CRC risk. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The resulting sum was then recoded as sex-studyspecific quartiles based on cut points in controls and was modelled as an ordinal variable. The study-specific overall E-score was created using a similar approach, additionally adjusting for sex.
Modifiable and non-modifiable risk scores
We further developed a modifiable risk score, including BMI, physical activity, smoking, intakes of alcohol, processed meat, red meat, fruit, vegetables, fibre, total calcium and total folate, aspirin and NSAID use, PMH use in women, and diabetes. The non-modifiable risk score included height, CRC family history and common genetic predisposition. To capture common genetic predisposition, we calculated a genetic risk score combining estimated effects of 63 genome-wide association study (GWAS)-identified single-nucleotide polymorphisms (SNPs), 33 35 from a multivariable logistic regression of all 63 SNPs, adjusting for age, sex, study, genotyping platform, and principal components of genetic ancestry. The full list of variables included as modifiable or nonmodifiable risk factors is listed in online supplementary eTable 1.
Similar to the approach in developing the E-score, multivariable logistic regression was used to estimate sexspecific coefficients for all the variables in both modifiable and non-modifiable risk scores, adjusting for age, Figure 1 Associations of weighted study sex-specific quartiles of environmental risk scores and colorectal cancer risk among studies. P heterogeneity=0.0002; Adjusted for age, total energy consumption, history of screening, and education. Colo2&3, a case-control study from the University of Hawai'i; DACHS, Darmkrebs: chancen der Verhutüng durch Screening Study; DALS, diet, activity and lifestyle study; HPFS, Health Professionals Follow-up Study; MEC, multiethnic cohort; NHS, Nurses' Health Study; PHS, Physicians' Health Study; PLCO, Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial; PMH, the hormones and colon cancer study; VITAL, Vitamins and Lifestyle Study; WHI, Women's Health Initiative. study, education, screening, and total energy consumption. Sex-specific coefficients were then summed into two risk scores. The sex study-specific quartiles were calculated using cut points in controls for both risk scores.
statistical analyses
All statistical analyses were conducted centrally on individual-level data. To estimate the association between E-score and CRC risk, we used multivariable logistic regression, adjusting for age, sex, study, education, screening and total energy consumption. In sensitivity analyses, we compared estimated associations from mean imputation 41 and multiple imputation 42 to address missing data.
We calculated absolute cumulative risks of 10 and 30 years for a 50-year-old individual within each quartile of E-score, as well as by low (<10%), medium (45%-55%), and high (>90%) E-scores. The details of estimating absolute risks of CRC have been described previously (online supplementary eMethod 2).
35 43 44 Briefly, we used external age-specific population incidence rates among the white population from the Surveillance, Epidemiology, and End Results (SEER) between 1982 and 2014. 45 We then multiplied the external incidence rate with one minus sex-specific population attributable risk, which was estimated by taking the average of the inverse exponential of risk scores among cases. 44 We also accounted for competing risks from death in the absolute risk estimation, where the mortality rates were obtained from the National Center for Health Statistics. We obtained the 95% CIs of the 10-year absolute risk estimates of CRC with 100 bootstrap samples. Sensitivity analyses were performed stratified by study design and history of screening.
In addition, we estimated the absolute risks of CRC of 10 and 30 years for individuals with different modifiable risk score quartiles, stratified by non-modifiable risk score quartiles. Relative excess risk due to interaction (RERI) was assessed to test for additive interaction between modifiable and non-modifiable risk scores. 46 In the secondary analysis, we evaluated the impact of individual risk factors that were statistically significant when building the E-score, stratified by quartiles of the non-modifiable risk score. Variables analysed included BMI (obese vs normal), pack-years of smoking (highest (Q4) vs lowest (Q1) quartiles), aspirin use (yes/no), other NSAID use (yes/no), total calcium intake (Q4 vs Q1) and PMH use (yes/no) in women.
All analyses were conducted using R V.3.4.1 (http:// www-r-project. org) and SAS V.9.4. results overall e-score and crc risk Higher E-scores were associated with increased CRC risk (OR quartile , 1.33; 95% CI 1.29 to 1.37; figure 1 ). In the sensitivity analysis, the estimated association between E-score and CRC risk was identical when we used multiple imputation for missing data (OR quartile , 1.33; 95% CI 1.18 to 1.50).
Based on the SEER data, the average risks of CRC of 10 and 30 years for a 50-year-old man were 0.68% and 4.1%, Open access , height (cm), smoking (ever/never, pack-years), alcohol consumption (non-drinkers, 1-28 g/day, >28 g/ day), physical activity (sedentary, yes/no), regular use of aspirin (yes/no), regular use of other non-steroidal anti-inflammatory drugs (yes/no), regular use of postmenopausal hormone in women (yes/no), sex-specific and study-specific quartiles of dietary factors (red meat, processed meat, fruits, vegetables, fibre, folate and calcium) and history of diabetes (yes/no). (B) Adjusted for age, study, total energy consumption, history of screening and education. CRC, colorectal cancer; E-score, environmental risk score.
respectively, and were 0.49% and 3.2% for a woman, respectively. Compared with these average-risk estimates, the absolute risks of CRC of both 10 and 30 years increased with higher E-score (figure 2 and online supplementary eTable 2). The 30-year absolute risk of CRC in Q4 of E-scores was 5.9% (95% CI 5.5% to 6.3%) among men and 4.5% (95% CI 4.3% to 4.8%) among women, compared with 2.5% (95% CI 2.3% to 2.7%) in Q1 of E-score among men and 2.1% (95% CI 1.9% to 2.2%) among women (figure 2B). The 30-year absolute risk of CRC among individuals within the highest E-score decile (>90%) was 2.5 times, and 2.9 times higher than among those within the lowest E-score decile (<10%) among men and women, respectively (figure 2D).
Modifiable risk scores and crc risk by non-modifiable risk scores
We found a statistically significant additive interaction between modifiable and non-modifiable risks (RERI, 1.23; 95% CI 0.51 to 1.95; p<0.001). As expected, the absolute risks of CRC of both 10 and 30 years increased with higher non-modifiable risk scores, and absolute risks increased with higher modifiable risk scores within each quartile of non-modifiable risk score (figure 3 and online supplementary eFigure 2). The difference in absolute risk between Q4 and Q1 of the modifiable risk score was largest among those with the highest non-modifiable risk score. The trend was the similar for both sexes, although the absolute risks were higher in men. The 30-year absolute risk of CRC for men in Q1 of non-modifiable risks varied by 2.7% (from 4.1% to 1.4% comparing Q4 with Q1 of modifiable risk); however, the difference was more than double this among individuals in Q4 of non-modifiable risks (5.5%, from 8.9% to 3.4%; figure 3C) . Similarly, the 30-year absolute risk of CRC decreased from 3.2% to 1.4% among women in Q1 of non-modifiable risk, compared with the change of 6.0% to 3.2% among women in Q4 of non-modifiable risk score ( figure 3D ).
Individual modifiable risk factors and crc risk by nonmodifiable risk scores
The estimated absolute risks of CRC showed similar trends across non-modifiable risk quartiles, for individual risk factors (table 2) . The lowest absolute risks of CRC were among regular users of NSAIDs and aspirin. However, changing single risk factors did not reduce the long-term absolute risks of CRC to the same extent as modifying multiple risk factors.
dIscussIon
Incorporating information on most known risk factors of CRC, we showed that higher E-score was associated with higher risk of CRC and that the absolute risks of CRC varied largely by E-score among a population of European ancestry. We also showed that the absolute risk of developing CRC was substantially lower with lower modifiable risk scores. This difference may be especially pronounced for men and for those who were at higher risk due to non-modifiable risks. Our results on the overall E-score and CRC risks reinforce published data and guidelines regarding the effect of lifestyle patterns. 19 47 48 The World Cancer Research Fund estimated that approximately 47% of CRC in the USA can be attributed to lifestyle factors, including low dietary fibre intake, high red/processed meat intake, obesity, lack of physical activity, and alcohol consumption. 47 Similarly, in our study, we observed that a large proportion of CRC in both men and women may be preventable by changing lifestyle factors. The ACS guidelines for cancer prevention also suggest maintaining a healthy weight, adopting a physically active lifestyle, and consuming a healthy diet with an emphasis on plant foods. 19 The Women's Health Initiative Observational Study reported that CRC risk was statistically significantly lower among women with higher adherence scores to the ACS guidelines, 48 and this association was similarly seen in a multicentre prospective cohort. 49 Other cohort studies that evaluated dietary patterns found that healthier dietary patterns were associated with lower CRC risk. [50] [51] [52] In the Nurses' Health Study and Health Professionals Follow-up Study, those with a healthy lifestyle pattern had a substantially lower population attributable risk of CRC than the US population. 53 Furthermore, we found that the estimated absolute risks were similar among those with and without history of screening endoscopy (online supplementary eTable 3). This is consistent with a previous study that also found no differences in association between healthy lifestyles and CRC risks among subgroups by history of colonoscopy. 21 These data, taken together, highlight that lifestyle modification may markedly reduce CRC risk. However, previous studies have evaluated only a limited number of risk factors, whereas others have not been considered, including use of aspirin or NSAIDs, intakes of fibre, folate and calcium, diabetes and PMH use in women. In this study, we created a comprehensive E-score by estimating the weights of 17 risk factors of CRC simultaneously, which helped to not only account for relationships between risk factors but also provide a more comprehensive estimate of the overall environmental impact on CRC risk.
Furthermore, our data are consistent with the interpretation that a shift in modifiable risk profiles can appreciably reduce the long-term absolute risks of developing CRC. Notably, our results suggest the elevated risks of CRC for those in the highest quartile of non-modifiable risk scores can potentially be reduced to the average population risk through lifestyle modification. This may have important implications for targeted risk communication, risk management, and behavioural interventions for CRC prevention. For example, an individual with positive family history or higher genetic risk of CRC could potentially achieve population average risk by incorporating a combination of lifestyles, including maintaining normal BMI, quitting smoking, and reducing red and processed meat intake. Such lifestyle-based risk management strategy could provide more cost-effective ways for individuals with higher 'baseline' risk of CRC in both sexes, but especially in men.
Previous studies have shown promise with using pharmacological agents in targeted populations. The Breast Cancer Prevention Trial showed that tamoxifen use reduced the incidence of invasive breast cancer by 49% in high-risk women. 54 Long-term use of aspirin was also shown to reduce CRC incidence by 24% among individuals with higher risk of cardiovascular diseases. 15 Individual agents, such as aspirin and NSAIDs, may have a marked effect in specific populations; however, our results further suggest that changes in individual exposures or behaviours might not translate to a reduced long-term CRC risk to the same extent as modifying multiple risk factors. This is useful information because risk factors may not be equally modifiable for each individual, and prevention decisions need to be made based on more individualised risk-benefit evaluation. For instance, an individual who experiences gastrointestinal bleeding from using aspirin can still reduce the risk of developing CRC by quitting smoking, increasing physical activity, and adopting a healthier diet. Taking into consideration the whole modifiable risk profile not only makes greater sense for the prevention of multiple chronic diseases but also helps to provide more opportunities for primary prevention of CRC, particularly among those at higher risk of CRC due to their non-modifiable risk profile.
Similar to the improved model for risk stratification for breast cancer prevention, 34 our model provided a practical framework to use current existing genetic and environmental data from large cancer consortium for guiding public health strategies. Our study is among the first to estimate the combined association of a wide range of established and plausible environmental CRC factors while accounting for non-modifiable risks. We estimated the E-score from multiple population-based studies, and estimated absolute risks based on information from a nationally representative database. Risk factors were carefully harmonised across participating studies, enabling us to simultaneously incorporate a comprehensive set of environmental risk factors. In addition to environmental data, genetic data were also available from all study participants, allowing us to incorporate a common genetic predisposition in estimating non-modifiable risk profiles. Our study is the largest to date and includes numerous studies derived from different study populations. This helped yield precise estimates of risk factor associations and ensured the robustness of observed findings.
Despite these strengths, there are some limitations. First, environmental factors were self-reported, where measurement errors might have attenuated associations. However, self-reported lifestyle and diet have been shown to have modest to high accuracy in prior studies. 55 56 Second, the sex study-specific mean imputation approach for missing data reduced the variance of distributions and could result in biassed estimates. However, sensitivity analysis using multiple imputation did not show appreciable differences. We also included both case-control and cohort studies. Environmental factors are assessed after cancer diagnosis in case-control studies and are susceptible to differential recall bias. Stratifying by study design, we found the differences in absolute risks across E-score quartiles were larger in case-control studies (online supplementary eFigure 3). However, the absolute risks increased with higher E-scores in a similar manner between case-control and cohort studies. We chose to maximise our sample size (and thus precision) for developing the risk scores, instead of splitting our data into a discovery and validation set. We do not anticipate overfitting (or bias due to estimation) appreciably altered our findings given (1) our large sample size, which has been shown to greatly reduce the overestimation of regression coefficients, 57 58 and (2) we did not perform variable selection but rather included only published CRC risk factors in our models. Moreover, our estimates of effect sizes for each known risk factor were comparable to those previously reported in the literature. We also used external incidence rates to estimate absolute risks with bootstrapping methods to assess uncertainty. Furthermore, our study population is generally older, and most environmental factors were assessed within 2-10 years prior to baseline. Our results may need further evaluation on younger populations. Lastly, we included only individuals with European ancestry. The observed association may differ in other ethnicity groups.
In conclusion, we demonstrated the value of comprehensive assessment of environmental risk factors to estimate the relative and absolute risks of CRC. Our results suggest that risk factor modification may reduce longterm CRC risk, particularly among individuals at higher baseline risk due to non-modifiable factors. These results provide key insights to help inform targeted CRC prevention guidelines and perhaps allow better practice of screening (using risk scores rather than just age) in the general population. Additional studies for further validation would strengthen our findings.
